This study mainly reports an investigation about the crystal structure and photoluminescence properties of a Ce 3+ doped alkaline earth metal silicate Sr 3 MgSi 2 O 8 . X-ray powder diffraction (XRD) and structure refinement methods are adopted to characterize the phase composition and crystal structure. The excitation/emission spectra and diffuse reflection spectra (DRS) of the title phosphor are measured and the mechanism of concentration quenching as well as thermal quenching are discussed in detail.
Introduction
In recent decades, white light emitting diodes (w-LEDs) have been replacing conventional incandescent and uorescent lamps for general illumination due to their overwhelming merits such as long life, being energy saving, and their environmental friendliness as well as high efficiency.
1-3 Although LEDs have been applied in many elds, the luminescence properties of w-LEDs for general illumination still need to be improved in terms of their color rendering index (CRI) and correlated color temperature (CCT). 4, 5 The rst and most common w-LED, which is fabricated with a blue LED chip and yellow-emitting YAG:Ce 3+ phosphor, suffers from many drawbacks such as poor CRI (R a ¼ 70 to 80) and high CCT (approximately 7750 K). 3, 6 To achieve "warmer" white light with high CRI, a strategy combining a blue-LED and yellow-emitting phosphors with a broader spectra covering the red/green region, or UV-LED (380 to 420 nm) and red, green, and blue (RGB) multi-compositional phosphors are proposed. 2, 7, 8 Considering these approaches, developing highly efficient phosphors with high thermal quenching temperatures and tunable color points in the entire visible region under blue or UV light excitation is urgently needed.
The alkali-earth silicate is a signicant host for rare earth doped phosphors due to its inherent advantages such as excellent chemical and thermal stability as well as the low price of high-purity silicate. 9 Moreover, silicate can be produced at lower temperatures than nitrides and aluminates. phosphor. The phase composition was characterized by XRD and the crystal structure is rened by structure renement. The DRS, excitation and emission spectrum of title phosphor were measured and the mechanisms of concentration quenching and thermal quenching were discussed. 
Experimental details

Measurement and characterization
The phase of the title phosphor was identied by X-ray powder diffraction (XRD; D8 FOCUS diffractometer, Germany) with graphite-monochromatized Cu Ka radiation (l ¼ 1.5406Å). The photoluminescence emission (PL) and photoluminescence excitation (PLE) spectra were measured by F-4600 uorescence spectrophotometer (Hitachi, Japan) with a photomultiplier tube functioning at 500 V and a 150 W Xe lamp as the excitation source. The spectral resolution for photoluminescence measurement was 0.2 nm. The temperature dependent luminescence properties were determined on the same spectrophotometer equipped with an automatic temperatureregulating device. Diffuse reection spectra were obtained via a UV-3600 UV-Vis-NIR spectrophotometer (Shimadzu) connected with an integrating sphere.
Result and discussion
Phase and crystal structure
The phase composition of all the samples was characterized by XRD and the XRD patterns are shown in Fig. 1 phosphor were rened by the Rietveld renement method using the Topas program. The standard structure of Sr 3 MgSi 2 O 8 is referenced as an initial structural model. 16 The renement patterns are illustrated in Fig. 2 and the main renement parameters and detailed crystallographic data are given in 
where hv indicates the energy per photon, C is a proportional constant, and E g represents the band gap. As illustrated in Fig. 5(b Fig. 6 . The emission spectra exhibit a single broad band peaks at around 425 nm based on the allowed 4f 6 5d / 4f 7 transition of Ce 3+ ions. As shown in the inset in Fig. 6 , the emission intensity rstly rises to a maximum then falls with the increase of Ce 3+ concentration, which is caused by the concentration quenching effect. When the doping concentration of Ce 3+ increases, the interatomic distance between two Ce 3+ ions becomes shorter and the energy transfer possibility is enhanced. As a result, the non-radiative transition happens between sensitizers or between sensitizer and activator, which decreases the efficiency and luminous intensity, referred to as the concentration quenching. 20 The optimum Ce 3+ concentration is 2 mol%, which indicates that the Sr 3 -MgSi 2 O 8 :xCe 3+ phosphors with optimal efficiency can be obtained at a relatively low quenching concentration. In terms of the energy transfer between two luminous centers, the transfer mechanism may take place through three modes, including radiation reabsorption, exchange interaction and electric multipolar interaction. 21 The mechanism of radiation reabsorption is only effective when the uorescence and absorption spectra are broadly overlapping. Therefore, radiation reabsorption does not occur in this case. It is necessary to obtain the critical distance (R c ) for energy transfer among Ce 3+ ions to verify the process of energy transfer in this case. According to Dexter, 22 the value of the critical distance (R c ) can be reckoned via the following equation:
here V represents the unit cell volume, x c is critical quenching concentration and N is the number of the Mg the mechanism of the interaction can be explained by the following equation:
where I 0 represents emission per luminescent center obtained under dilute conditions; I represents emission per luminescent center at different rare earth concentration; C is the concentration of quenching ions, C* is the critical transfer concentration of quenching ions and q ¼ 6, 8 and 10 corresponds to dipole-dipole (d-d), dipole-quadrupole (d-q), and quadrupolequadrupole (q-q) interactions, respectively. From Fig. 6 , we can see that emission bands widen with increasing Ce 3+ concentration, which indicates that more sites luminescence may be involved when Ce 3+ concentration reach a certain level. Due to different luminescence efficiency at different site, the emission intensity can be also changed. Thus, it can be erroneous to explain the mechanism of the interaction by the eqn (3) easily. The full width at half maximum (FWHMs) of emission spectra are calculated and given in Table 2 . It's clear that the FWHMs of emission spectra increase with x values, indicating that more sites luminescence may be involved with increasing Ce 3+ concentration.
To have a better understand on the effects of more involved sites on the expression of concentration quenching by eqn (3), the normalized emission intensity I/I 0 for per Ce 3+ vs. Ce 3+ concentration is shown in Fig. 7(a) . The exchange interaction may not play an important role in the energy transfer because curve 1 doesn't follow the relation (1 À x) 6 (curve 3). 23 The I/I 0 usually shows a continuous smooth reducing trend with quenching ion concentration. 23 However, the curve 1 suddenly decays with an unexpected rate when x reaches 0.035. The mutation point is consistent with that in Table 2 , where the FWHMs show an obvious increase aer x reach 0.035. Hence, it's reasonable to conclude that when x reach a certain high level (about 0.035), Ce 3+ ions may occupy some new sites, in which the Ce 3+ ions may have lower luminescent efficiency. Hence, the curve 1 decays with a faster rate compared to the one it should be (as shown in curve 2). Due to the interference of this effect, only data at lower x values are adopted to calculate the multipolar interactions with eqn (3). The dependence of log[(I 0 À I)/I] on log(C/C*) is plotted in Fig. 7(b) . The value of q is nally determined to be 4.8, indicating that the mechanism of energy transfer in Sr 3 MgSi 2 O 8 :xCe 3+ phosphors is mainly predominated by dipole-dipole interaction. When functioning, the stability and reliability of a w-LED is nally determined by thermal stability of a phosphor. Good thermal stability of phosphors is always attributed to the rigid three-dimensional structure formed by polyhedron in related literatures. The temperature-dependent luminescent properties of Sr 3 MgSi 2 O 8 :0.02Ce 3+ phosphors were measured. The activation energy, which refers to the energy barrier for non-radiative transition is an important value to estimate the thermal stability of a phosphor. Hence, the activation energy was calculated using the Arrhenius equation:
where I 0 and I T are the emission intensity at room and measurement temperature T, respectively, c is a constant, k is the Boltzmann constant (8.617 Â 10 À5 eV K À1 ) and DE is the activation energy for the thermal quenching. The temperaturedependent spectra and calculated activation energy (DE) are shown in Fig. 8 So far, several thermal quenching processes have been proposed including thermal relaxation through the crossing point based on the congurational coordinate model, thermal ionization from the emitting 5d 1 levels to the conduction band and direct electron transfer from (higher) 5d levels to the conduction band with no activation energy (photoionization of the Ce 3+ ion) prior to relaxation to the lowest 5d 1 state.
8,24
Although the conguration diagram is one of the most adopted model, some papers make an argument that the photoionization in the real mechanism for thermal quenching.
25,26
Considering this matter, the energy level position of Ce 3+ ion in 
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